A combined method of granular activated carbon (GAC) adsorption and bipolar pulse dielectric barrier discharge (DBD) plasma regeneration was employed to degrade phenol in water. After being saturated with phenol, the GAC was filled into the DBD reactor driven by bipolar pulse power for regeneration under various operating parameters. The results showed that different peak voltages, air flow rates, and GAC content can affect phenol decomposition and its major degradation intermediates, such as catechol, hydroquinone, and benzoquinone. The higher voltage and air support were conducive to the removal of phenol, and the proper water moisture of the GAC was 20%. The amount of H 2 O 2 on the GAC was quantitatively determined, and its laws of production were similar to phenol elimination. Under the optimized conditions, the elimination of phenol on the GAC was confirmed by Fourier transform infrared spectroscopy, and the total removal of organic carbons achieved 50.4%. Also, a possible degradation mechanism was proposed based on the HPLC analysis. Meanwhile, the regeneration efficiency of the GAC was improved with the discharge treatment time, which attained 88.5% after 100 min of DBD processing.
Introduction
Phenol is a major organic compound found in numerous industrial wastewaters such as those in chemical, petroleum, food, textile printing, and dyeing. It is on the list of priority pollutants published by the US, China, and European Union due to its high toxicity and that it is bio-refractory in a water environment [1] . Therefore, treatment of wastewater containing phenol is a serious issue in environmental protection.
As a physical technique, the adsorption method has the merits of being simple and effective, so it is widely used for organic compound removal in effluent [2, 3] . Therefore, activated carbon (AC) has been applied as the most common adsorbent owing to its high surface area, developed porosity, and excellent adsorbability [4, 5] . Nevertheless, saturated carbon is a hazardous substance if it is not disposed of properly. Hence, regenerating exhausted AC is essential whether from the point of view of sustainable development or environmental protection. Thermal, solvent, and biological regeneration are the most broadly employed techniques, but the existing deficiencies in those methods, such as excessive AC losses, poor energy efficiency, possible secondary pollution, and low regeneration rate have given researchers many reasons to seek a more suitable implementation for AC regeneration [6] . Therefore, different AC regeneration methods have been studied, for example, microwave, electrochemical, gamma irradiation, and ozonation [7] [8] [9] [10] . However, improvements in AC regeneration and pollutant removal efficiencies are still needed.
Non-thermal plasma (NTP), as a new advanced oxidation technology (AOT) has drawn extensive attention. NTP can generate multiple types of active species, including hydrogen peroxide (H 2 O 2 ), hydroxyl radicals (·OH), ozone (O 3 ), and other chemically reactive radicals [11] [12] [13] , which play an important role in the degradation of organics in water, soil, and the atmosphere [14] [15] [16] . Furthermore, dielectric barrier discharge (DBD) plasma as one of the most applied NTP technologies, can be stably generated by simple electrode configurations [17] . So, the application of DBD plasma has been deemed to be highly prospective among the various NTP techniques.
Our previous research regenerated granular activated carbon (GAC) through a DBD reactor, and preliminarily studied the effect of some operational conditions on GAC regeneration [18, 19] . However, the removal process and principle of adsorbed organic pollutants during the DBD procedure are still unclear. Thus, it is necessary to explore the decomposition of contaminants carefully during the regeneration of DBD plasma, which is helpful for us not only to understand the mechanism of pollutant degradation but also the essence of the GAC recycle. Besides, due to the relatively low instantaneous energy input and load performance of alternating current power of the DBD system, it is also necessary to enhance energy input and the generation of active species from the point of power supply. So, bipolar pulse power has become a good substitute for supplying a DBD reactor because of its instantaneous stronger energy production and low energy consumption on the dielectric surface, which could improve the efficiency of energy utilization and the formation of reactive species in DBD plasma.
This study aims to investigate and understand phenol abatement and mineralization characteristics during the GAC regeneration process by bipolar pulse DBD plasma. Phenol and its primary degradation intermediates, such as catechol, hydroquinone, and benzoquinone, were examined under the main operational parameters of DBD regeneration. An analyses of total organic carbon (TOC) and Fourier transform infrared spectroscopy (FTIR) were used to attain the results of the decomposition. The H 2 O 2 produced on the GAC was also quantitatively tested to evaluate the role of reactive substances in DBD plasma in the elimination of phenol. Lastly, the efficiency of the GAC regeneration was determined to validate the results of the removal of TOC.
Experiments

Materials
The GAC was a coal-based carbon with a grain size of 2.0 mm (Shengyang Chemistry Reactant Co., China). Before being used, the virgin GAC was washed three times with deionized water and desiccated at 105°C overnight, and then stored for the experiment. Analytical grades of phenol, titanium potassium oxalate, and the other reagents were purchased from Tianjin Kemiou Chemistry Reactant Co., China.
Discharge reactor system
A schematic of the DBD regeneration system is shown in figure 1(a) , which contained a DBD reactor, a bipolar pulse power, a gas supply system, and an electric monitoring system. The DBD reactor has dual dielectrics made of two pieces of quartz glass. Two stainless steel disks were placed on each dielectric as the high voltage electrode and grounding electrode, respectively. The discharge gap between the two quartz glasses was 8 mm. One organic glass loop was placed in the discharge interval and employed as the GAC packed bed. A plastic pipe was embedded into the packed bed to support the gas source for the discharge plasma. Air was passed through a homemade silica gel column for desiccation and pumped into the reactor through the pipe. The configuration of the bipolar pulse power is shown in figure 1(b) , which can produce positive-negative pulsed high voltage by two rotary spark gap switches (RSG) and two coupled capacitors. The discharge frequency can be adjusted by the RSG revolving speed, which was set at 50 Hz in this study. A 3 nF pulsed capacitance (C p ) was used at this power, and the generated single pulse width was about 150-400 ns. A Tektronix TDS2014 oscilloscope furnished with a Tektronix P6015A voltage probe and a Tektronix P6021 current probe was used to record the discharge parameters. The representative discharge voltage and current wave patterns collected from the discharge reactor are presented in figure 1(c). The energy for each pulse was calculated by the integral of pulse voltage (V ) and current (I) under time (t):
and then the pulse power (P) was the product of the energy delivered per pulse (E p ) and pulse frequency ( f ):
The other specific sizes of the reactor and supply power parameters were identical to our previous works [19, 20] .
Experimental method and analysis
A 5000 mg L −1 phenol solution was prepared by deionized water for the GAC adsorption. Phenol removal experiments by GAC were conducted using batch adsorption. The detailed experimental conditions were the same as those in our previous research [4] . The equilibrium adsorption concentration (q, mg of phenol/g of GAC) was computed according to the following equation:
) was the amount of phenol adsorbed of the GAC, C 0 (mg L −1 ) was the initial concentration of the adsorbate, C t (mg L −1 ) was the concentration of the adsorbate at time t, V (L) was the phenol solution volume and m (g) was the mass of the dried GAC.
After adsorption, the saturated carbon was dried in a dryer at 40°C for 8 h until its weight stopped changing, and then loaded into the packed bed of the DBD reactor. The treatment capacity was about 4.6 g for a single experiment. The regeneration treatment started when the supply power was switched on. Next, the compound residues on the GAC were extracted immediately with ethanol, and the extracts were analyzed by a HPLC (LC-10Avp Shimadzu) using a Hypersil ODS reverse phase column (25 μm, 4.6 mm× 250 mm) and an UV detector. The mobile phase was composed of methanol and water, and their flow rates were 0.3 and 0.2 ml min −1 , respectively. The treated GAC was reabsorbed under identical conditions as the initial adsorption to determine the regeneration efficiency (Re). The Re was defined as the adsorption mass ratio between the treated GAC to original the GAC:
where q r and q 0 represented the adsorbed phenol mass of the regenerated and original GAC, respectively. The TOC value of the extract was measured through a TOC Analyzer (Shimadzu-V). The surface chemical structure of the GAC was studied by FTIR. The amount of hydrogen peroxide on the carbon samples was determined using the spectrophotometric titanium oxalate method [21, 22] . changes in the concentration of catechol, hydroquinone, and benzoquinone on the GAC, respectively.
As shown in figure 2(a) , it was found that efficiency of the phenol degradation increased with the pulse voltage. About 60%, 70%, and 87% of the phenol could be degraded at voltages of 18, 23, and 28 kV after 100 min of treatment. Further, the TOC removal of the phenol was explored as shown in table 1, where the efficiency of the elimination also increased from 33.4%-45.3% after 100 min with the increasing voltage. Meanwhile, as can be seen in figures 2(b)-(d) , the final output of the three kinds of main decomposition products of the phenol, such as catechol, hydroquinone, and benzoquinone, decreased with increased voltage, which presented an increase and decrease trend. On the other hand, with the increase of voltage, the peak concentrations of the three principal byproducts appeared ahead of time, and the final production was reduced in a higher voltage. According to the basic theories of discharge energy input and plasma chemistry, the more high-energy electrons generated at relatively high applied voltage, resulted in more active species of plasma production in the DBD reactor, including ·O, O 3 , ·OH, and H 2 O 2 , which promoted the removal of the phenol on the GAC [23, 24] . Therefore, the decomposition rate was accelerated in the presence of the more oxidation radicals, and the contaminant and its degradation intermediates were simultaneously removed faster and thoroughly.
3.1.2. Effect of air flow rate. The effect of different air flow velocities on the degradation of phenol and the formation of three major intermediate products is described in figure 3 . Other operating parameters used in this experiment were a discharge voltage 28 kV and a GAC moisture content of 10%. Figures 3(b)-(d) indicate the variations in the concentration of catechol, hydroquinone, and benzoquinone on the GAC during DBD regeneration process, respectively.
It can be observed from figure 3(a) that the removal of the phenol was enhanced with the increase in the rate of the air supply. The degradation efficiencies increased from 65%-91% while the air support increased from 0.4-1.2 L min −1 after 100 min of DBD treatment. Correspondingly, the removal of TOCs increased from 33.9%-49.3% under the same experimental conditions as shown in table 2. From the perspective of the generation and elimination of byproducts, the production mass of the three main intermediates declined with increasing air flow rate, and a tendency of firstly increasing and then decreasing can be observed in these figures. From another angle, with the strengthening of the air supply, the maximum concentration of the three major byproducts was arrived at earlier.
The above results demonstrate that the decomposition of the phenol was considerably influenced by the volume of the ventilation of the reactor. According to the results of previous research, this is because more oxidation reactive species could be produced in the bigger ventilation volume, which is beneficial to improving the transfer of oxidative radicals from the gas phase to the surface of the GAC [25, 26] , leading to the promotion of the degradation of the phenol and its intermediates.
3.1.3. Effect of GAC water content. The moisture content of GAC is an important operating parameter during the regeneration of GAC, which directly affects the removal of contaminants and the regeneration of carbon. Figure 4 shows the degradation of the phenol and the formation of major intermediates under different GAC water content conditions. Figures 4(b) -(d) illustrate the trends in the residues of catechol, hydroquinone, and benzoquinone on the GAC in the regeneration treatment, respectively. Other experimental conditions included a discharge voltage of 28 kV and an air flow volume of 1.2 L min −1 . It was found that the efficiency of the degradation of the phenol presented an increase and decrease process with the increasing water content of the GAC during 100 min of DBD treatment. At the GAC moisture content of 20%, the efficiency of decomposition achieved 93.3%, while approximately 91.0% and 92.5% of the phenol was removed at water contents of 10% and 35%, respectively. Meanwhile, the best TOC removal was reached at 50.4% with the GAC moisture of 20% as shown in table 3. For another, the changes in the three main byproducts were consistent with the phenol removal. Compared with the GAC moisture of 10% and 35%, the maximum production was firstly attained at a GAC water content of 20%. In addition, the phenol and its intermediates increasingly degraded more thoroughly after 100 min of DBD regeneration when the GAC moisture was 20%. This can be attributed to the fact that water molecules in the discharge field can affect the generation of chemically active substances. ·OH and H 2 O 2 can be produced by the excitation and dissociation from the H 2 O on the GAC [27, 28] . But, excessive water content on the GAC trapped electrons and reduced the generation of active species [29] , weakening the oxidative ability and reducing the removal efficiencies for the organic compounds. Thus, it is deduced that increasing the water content of the GAC within a Figure 3 . Effect of air flow rate on decomposition of the phenol and its main intermediates. reasonable range promotes the production of reactive oxygen species for the degradation of organic contaminants.
H 2 O 2 generation on the GAC
Due to the short life of ·OH radicals (<10 −3 s), it is hard to quantitatively detect the amount of ·OH during the discharge process. Nevertheless, ·OH is itself a precursor to H 2 O 2 generation, thus the existence of the quantity ·OH and its oxidation performance could be reflected indirectly by the amount of H 2 O 2 [11, 30, 31] . The following synthesis reactions led to the production of H 2 O 2 . In addition, activated carbon is considered as a catalyst, which can catalyze O 3 for the production of ·O, ·HO 2 , and H 2 O 2 [32, 33] :
And the generated H 2 O 2 decomposed to ·OH under the circumstance of discharge plasma:
The above reactions related to H 2 O 2 constitute the core mechanism of the production of active species and the removal of contaminants by DBD plasma. The determination of H 2 O 2 is relatively simple and its quantity on GAC can be measured using the titanium oxalate method, and the results are depicted in figure 5 . It can be seen that the formation rules of H 2 O 2 were in accordance with the foregoing phenol degradation. The main results were as follows: firstly, the amount of H 2 O 2 increased with the increasing of the discharge voltage and air supply velocity; secondly, the concentration of H 2 O 2 under the GAC water content of 20% was the highest compared with the other moisture conditions. These phenomena indirectly demonstrate that the major factor in phenol removal on GAC is the formation of H 2 O 2 and its associated reactive species in the DBD system. 
FTIR analysis and possible degradation mechanism
In order to explore the degradation of the phenol on the GAC in greater detail, FTIR spectra is implemented to analyze the phenol adsorbed and DBD treated carbon samples, and the results are shown in figure 6 . The parameters of the DBD treatment were as follows: applied voltage of 28 kV, air support velocity of 1.2 L min −1 , and GAC water moisture of 20%. Some of the typical characteristic peaks were observed on the adsorbed GAC representing the main structure of the phenol. For example, the bands near 3650 cm −1 were assigned to the O−H groups [34] . The bands in the 1900-1600 cm −1 range were involved in the superposition of aromatic C=C and C=O stretching vibrations in the carboxyl, ester, lactone, and carbonyl groups [35, 36] . The bands in the 1000-1300 cm −1 range were assigned to the C-O single-bond stretching vibrations from the phenols, epoxide structures, aromatic ethers, and lactone groups [35, 37] . It was noted that the strength of these peaks strength weakened substantially after DBD regeneration, indicating that the phenol on the regenerated GAC was partially decomposed after discharge treatment.
The GAC regeneration in the DBD reactor was mainly ascribed to the removal of the adsorbed pollutants and the emptying of adsorption sites by the physical and chemical effects of the discharge plasma. Among them, the chemically active species are the major forces, and these species included ·OH, H 2 O 2 , and O 3 , and their mechanisms of action in the degradation of phenol have been researched in the literature as shown in figure 7 . First of all, the aromatic ring of the phenol was assaulted by ·OH radicals, and the addition of ·OH addition appeared at the ortho-and para-positions of the aromatic ring, producing catechol and hydroquinone. And then benzoquinone was formed from the redox reaction of hydroquinone [38] . Furthermore, these emerging hydroxylation products could also prove that oxidation by ·OH radical is the principal process for phenol removal. Moreover, by the reactions of ring open and chemical bonds cleavage, those three principal intermediates including catechol, hydroquinone, and benzoquinone, were decomposed to some saturated and unsaturated aliphatic compounds, primarily low molecule weight organic acids and aldehydes [39] . Subsequently, these low molecule weight organics, such as formic acid, acetic acid, propionic acid, and formaldehyde, were further mineralized to CO 2 and H 2 O.
GAC regeneration by DBD plasma
Under the identical operational parameters described in section 3.3, we investigated the GAC regeneration status during 100 min of DBD treatment, and the results are shown in figure 8 . The regeneration efficiencies of the treated GAC were augmented in the longer treatment duration, which increased from 34.1% at 20 min to 88.5% at 100 min of treatment. It can be concluded that the longer process time generates more reactive substances, which eliminated more pollutants and then purged more adsorption points, thereby the regeneration efficiencies were improved. On the other hand, the adsorbability of the regenerated GACs was consistently lower than the original one (100%). This happened because, first some contaminants were not decomposed and mineralized completely, and their degradation intermediates were left in the pores of carbon, occupying partial adsorption sites; second, the discharge plasma affected some of the physical properties of the GAC, such as enlarging and collapsing pore structure, resulting in a reduction in surface physical performance; third, discharge plasma and its accompanying active species were catalyzed by GAC and yielded immobile radicals (GAC-O, GAC-O 3 ), and these strong oxidant radicals introduced some acidic groups like carboxylic, phenolic groups onto the surface of the carbon, thereby changing the hydropathy property from hydrophobic to hydrophilic and weakening the relative affinity for phenol [40] . All of those factors prevent the recovery of the adsorption capacity of the GAC.
In addition, the energy efficiency of DBD regeneration was calculated, which was defined as the removed phenol divided by the consumed energy. In this case, the energy efficiency was about 28.1 mg kJ −1 . Moreover, the mass change of the GAC was determined by the weighing method before and after the DBD treatment, and the result showed that the mass loss was less than 0.46%. Overall, compared with the widely used regeneration methods, such as thermal, solvent, 
